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Seven novel ferrocene-coumarin conjugates, namely FcLy~FcLz, were synthesized and confirmed by 'H
NMR, FT-IR, elemental analysis. The crystal structure of FcLz was determined by X-ray diffraction,
showing that the dihedral angle between the coumarin and the substituted cyclopentadienyl ring was
80.67°. The electrochemical behaviors of FcLi~FcL7 exhibited similar quasireversible redox waves, while
the formal potential E° values of FcL;~FcLs were distinctively lower than FcLg and FcLy due to electronic-
effect of substituents. Notably, the title compounds, when screened on human tumor cell lines (MCF-7,
BIU-87, SGC-7901, EC-9706, Eca-109 and Jurkat), exhibited potent and broad spectrum activities. Among
them, FcL1~FcLs exhibited more toxicity to most cancer cell lines than FcLg and FcL; because of the lower
E°. Remarkably, FcLy4 showed significant in vitro cytostatic effect on BIU-87 cell line giving respective ICsq
values of 1.09 pmol/L, which was much better than that of Adriamycin (ICsp = 6.09 umol/L). The cyto-
toxicity assay against SGC-7901 cells also revealed that the complex FcLs (ICs¢ =3.56 pmol/L) was su-
perior to the reference drug Adriamycin (ICsg=5.44 umol/L). Consequently, ferrocene-coumarin

conjugates are potential candidates for developing metallodrugs with impressive anticancer activity.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Coumarins (2H-1-benzopyran-2-one) can be found throughout
the plant kingdom as well as bacteria, fungi, and marine sources
[1—4], which have been demonstrated to possess diverse biological
activities including antioxidant [5,6], antiinflammatory [7,8], anti-
bacterial [9,10], anticancer activity [11—13], anti-HIV [14,15], ect.

However, natural coumarin has shortcomings such as low ac-
tivity, poor fat solubility or low bioavailability, which limit its
application [16,17]. Fortunately, coumarin has a large conjugated
system and strong electron transfer ability, which make it easier to
modify the structure and introduce various functional groups
[18,19]. In past few years, a significant amount of effort has been
invested to develop coumarin derivatives, which showed excellent
therapeutic potency. For example, Hany A El-Sherief et al. have
synthesized 4-methylcoumarin-chalcone hybrids and proved some
of them with better anti-proliferative activity on MCF-7 [20].
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Alessandra Bisi et al. have synthesized 7-hydroxycoumarin de-
rivatives, some of them were confirmed with significant cytotox-
icity on colon cancer cells [21]. Despite numerous effects of
coumarins in the search for bioactive compounds, they still remain
as one of the most versatile class of compounds for developing
more effective and less toxic agents.

Ferrocene (Fc), a sandwich-like complex, possess exceptional
redox properties [22,23], where oxidation to generate ferrocenium
(Fc*) species can facilitate the production of reactive oxygen spe-
cies (ROS) [24,25]. It is well known that ROS in cancer cells induces
oxidative damage to DNA and thus disturbs the cell cycle [26]. In
addition to this, the remarkable biocompatibility (lipophilicity)
property of ferrocene can alter the permeability of the compound
[27]. As a result, ferrocene and its derivatives have been serving as
cytotoxic agents against cancer cells, especially for hormone-
dependent and hormone-independent breast cancer cells
[24,28,29]. Meanwhile, the stability and aromaticity of Fc make it
easily incorporate into the structure of other anticancer drugs to
increase the activity. For instance, Xiomara Narvaez-Pita et al.
synthesized ferrocene-steroid conjugates and found that these
conjugates displayed moderate to high anti-proliferative activity on
colon cancer HT-29 and breast cancer MCF-7 cell lines [30]. José A.
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Carmona-Negron et al. have synthesized ferrocene-hormone con-
jugates and observed these compounds showed cytotoxic activity
comparable to tamoxifen and cisplatin [24]. More recently, the
combination of a ferrocenyl moiety and coumarin structures was
found to significantly increase the biological activity [31].

Inspired by the recent upsurge in the use of ferrocene as an
excellent additional to coumarin derivatives to enhance their
antitumor activity, in this context, we designed and synthesized a
series of new ferrocene-coumarin conjugates. These ferrocene-
coumarin conjugates were evaluated for antitumor activity
against the six human tumor cell lines, using Adriamycin as stan-
dard drug.

2. Experimental
2.1. Instruments and reagents

Melting points were measured using Beijing XT4B precision
microscopic melting point apparatus. IR spectra were recorded on
Bruker vector 22 infrared spectrometer with KBr pellets. '"H NMR
and 3C NMR spectra were obtained on Bruker-Avance III-600 nu-
clear magnetic resonance instrument with tetramethylsilane (TMS)
as the internal standard. C, N, and H analyses were performed on
Flash EA 1112 elemental analyzer. All solvents were dried before
use. Reagents and materials were purchased from commercial
suppliers.

2.2. Synthesis of coumarin intermediates

The starting materials Ly, L, were purchased from Aldric Co., and
were used as recived. L3, Ls and Ls were synthesized according to
the literature procedures [32—34].

2.3. Synthesis of ferrocene-coumarin conjugates

Ferrocene derivatives (3 mmol) and coumarin intermediate
(3 mmol) were added into a 150 mL 3-necked flask, then 60 mL of
methylene chloride (anhydrous treatment with calcium hydride)
was introduced into the flask, stirred at room temperature until
the solid dissolved, then a mixture of DAMP (0.15 mmol, 0.018 g)
and DCC (3 mmol, 0.618 g) in CH,Cl; (10 mL) was added dropwise.
The reaction mixture was stirred at room temperature for 16 h and
the progress of the reaction was monitored by TLC. After the re-
action was completed, the reaction mixture was filtered and the
filtrate was concentrated to get the crude products, which was
purified by a silicagel column chromatography to give the pure
products.

2.3.1. 7-Hydroxycoumarin-ferrocene butyrate conjugate (FcLq)

FcL, jacinth solid was obtained by using column chromatog-
raphy (ethyl acetate - petroleum ether, 1:2). Yield 68%; m.p.
99-100°C. Anal. Calcd for Cy3H004Fe (%): C, 66.42; N, 0; H, 4.78.
Found (%): C, 66.37; N, 0; H, 4.84. IR (KBr, cm~1): 3097(w), 2936(w),
2852(w), 1767(s), 1723(s), 1694(m), 1615(s), 1561(m), 1500(w),
1424(w), 1100(s), 1056(m), 815(s). "H NMR (DMSO, 6, ppm): 8.08 (d,
J=9.6Hz, 1H, H-Ar), 778 (d, J=8.4Hz, 1H, H-Ar), 7.28 (d,
J=15Hz, 1H, H—Ar), 717 (dd, J=8.4, 1.8 Hz, 1H, H—Ar), 6.48 (d,
J=9.6Hz, 1H, H—Ar), 4.13 (s, 7H, H-Fc), 4.07 (s, 2H, H-Fc), 2.65 (t,
J=7.3Hz, 2H, H-CH,), 2.41 (t,] = 7.1 Hz, 2H, H—CH>), 1.88—1.83 (m,
2H, H—CH,). '3C NMR (DMSO, 6, ppm): 171.77, 160.18, 154.58,
153.36, 144.30, 129.82, 119.15, 117.13, 116.00, 110.59, 68.83, 68.30,
6749, 33.62, 28.61, 25.83. MS (ESI) calculated for Cy3HyoO4Fe
[M+Na]* m/z: 439.00 found: 439.07.

2.3.2. 4-Methyl-7-hydroxycoumarin-ferrocene butyrate conjugate
(FcLz)

FcL; earthy yellow solid was obtained by using column chro-
matography (ethyl acetate - petroleum ether, 1:2). Yield 70%; m.p.
111-113 °C. Anal. Calcd for Cy4H,04Fe (%): C, 67.00; N, 0; H, 5.13.
Found (%): C, 66.99; N, 0; H, 5.15. IR (KBr, cm~!): 3088(m), 2918(m),
2851(m), 1731(s), 1717(s), 1624(s), 1611(s), 1568(m), 1501(m),
1440(m), 1103(vs), 1067(s), 818(s). '"H NMR (DMSO, 6, ppm): 7.82 (d,
J=8.6Hz, 1H, H—Ar), 7.27 (d, ] = 2.0 Hz, 1H, H—Ar), 7.19 (dd, ] = 8.6,
2.0Hz, 1H, H—Ar), 6.39 (s, 1H, H—Ar), 4.13 (s, 7H, H-Fc), 4.07 (s, 2H,
H-Fc), 2.66 (t, J = 7.3 Hz, 2H, H—CH>), 2.43 (s, 3H, H-CH3), 2.41 (t,
J=7.0Hz, 2H, H—CH>), 1.88—1.83 (m, 2H, H—CH,). >*C NMR (DMSO,
6, ppm): 171.77,160.08, 154.01, 153.41, 153.36, 126.88, 118.90, 117.97,
114.20, 110.58, 68.83, 68.30, 67.49, 33.62, 28.62, 25.82, 18.64. MS
(ESI) calculated for Cpy4Hpp04Fe [M+Na]™ m/z: 453.00 found:
453.09.

2.3.3. 7-Hydroxy-8-nitrocoumarin-ferrocene butyrate conjugate
(FcL3)

FcL3 earthy yellow solid was obtained by using column chro-
matography (ethyl acetate - petroleum ether, 1:1). Yield 50%; m.p.
126—127 °C. Anal. Calcd for Cy3H190gNFe (%): C, 59.97; N, 3.10; H,
4.11. Found (%): C, 59.89; N, 3.04; H, 4.15. IR (KBr, cm™!): 3084(w),
2925(w), 2850(w), 1786(s), 1741(m), 1622(m), 1540(m), 1434(w),
1110(w), 1066(m), 814(s). 'H NMR (DMSO, 4, ppm): 8.17 (d,
J=9.7Hz, 1H, H-Ar), 8.05 (d, J=8.7Hz, 1H, H-Ar), 7.50 (d,
J=8.6Hz, 1H, H—Ar), 6.65 (d, J = 9.7 Hz, 1H, H—Ar), 413 (s, 7H, H-
Fc), 4.07 (s, 2H, H-Fc), 2.68 (t, J=7.2Hz, 2H, H—CHj), 2.39 (t,
J=7.0Hz, 2H, H—CH3), 1.85—1.80 (m, 2H, H—CH3). >C NMR (DMSO0,
6, ppm): 170.80, 157.98, 146.01, 144.19, 143.76, 132.02, 120.36,
118.55, 11743, 68.84, 68.30, 67.53, 33.33, 28.43, 25.87. MS (ESI)
calculated for Cp3H190gNFe [M+Na]* m/z: 484.50 found: 484.06.

2.3.4. 4-Methyl-7-hydroxy-8-nitrocoumarin-ferrocene butyrate
conjugate (FcLy)

FcL4 jacinth solid was obtained by using column chromatog-
raphy (ethyl acetate - petroleum ether, 2:1). Yield 55%; m.p.
134—136 °C. Anal. Calcd for Cy4H310gNFe (%): C, 60.70; N, 2.93; H,
4.42. Found (%): C, 60.65; N, 2.95; H, 4.45. IR (KBr, cm™~'): 3084(w),
2927(w), 2851(w), 1781(s), 1745(s), 1621(m), 1569(w), 1537(m),
1433(w), 1117(m), 1071(m), 820(m). 'H NMR (DMSO, 6, ppm): 8.10
(d, J=8.8Hz, 1H, H—Ar), 7.53 (d, = 8.8 Hz, 1H, H—Ar), 6.57 (s, 1H,
H—Ar), 4.14 (s, 7H, H-Fc), 4.08 (s, 2H, H-Fc), 2.68 (t, J= 7.0 Hz, 2H,
H—CH;), 2.48 (s, 3H, H-CHj3), 2.38 (t, J=71Hz, 2H, H—CH,),
1.84—1.81 (m, 2H, H—CH,). *C NMR (DMSO, 6, ppm): 170.78, 157.83,
153.17, 145.44, 144.12, 132.23, 129.14, 120.04, 119.40, 115.28, 68.87,
68.32, 67.57, 33.35, 28.44, 25.86, 18.79. MS (ESI) calculated for
Co4H10gNFe [M+Na]* m/z: 498.00 found: 498.07.

2.3.5. 7-Aminocoumarin-ferrocene butyrate conjugate (FcLs)

FcLs jacinth solid was obtained by using column chromatog-
raphy (ethyl acetate - petroleum ether, 1:1). Yield 51%; m.p.
136—138 °C. Anal. Calcd for Cy3H,103NFe (%): C, 66.56; N, 3.35; H,
5.13. Found (%): C, 66.52; N, 3.37; H, 5.10. IR (KBr, cm~1): 3315(m),
3087(w), 2932(m), 2851(w), 1717(s), 1662(s), 1619(m), 1574(s),
1551(s), 1487(m), 1439(s), 1100(s), 1040(s), 818(s). 'H NMR (DMSO,
6, ppm): 8.05 (s, 1H, H—-NH), 7.68 (d, J = 9.2 Hz, 2H, H—Ar), 7.41 (d,
J=87Hz, 1H, H—-Ar), 725 (d, J=8.8Hz, 1H, H-Ar), 6.43 (d,
J=9.5Hz, 1H, H—Ar), 4.13 (s, 5H, H-Fc), 4.10 (s, 2H, H-Fc), 4.08 (s,
2H, H-Fc), 2.43 (t, J=7.4Hz, 2H, H-CH,), 2.39 (t, J=73 Hz, 2H,
H—CH,), 1.94-1.89 (m, 2H, H—CH;). 3C NMR (DMSO, 6, ppm):
171.51, 160.91, 150.29, 143.63, 134.68, 123.50, 119.00, 118.40, 117.15,
117.10, 69.27, 68.71, 67.89, 36.88, 29.02, 26.65. MS (ESI) calculated
for Co3Hp103NFe [M+Na]* m/z: 438.00 found: 438.09.
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2.3.6. 7-Hydroxycoumarin-Ferrocene formyl propionic acid
conjugate (FcLg)

FcLg brown solid was obtained by using column chromatog-
raphy (dichloromethane - ethyl acetate, 16:1). Yield 70%; m.p.
151152 °C. Anal. Calcd for Cy3H1805Fe (%): C, 64.42; N, 0; H, 4.23.
Found (%): C, 64.21; N, 0; H, 4.22. IR (KBr, cm™~1): 3085(w), 2913(w),
1723(s), 1668(s), 1615(s), 1564(m), 1499(w), 1451(m), 1119(s),
1086(s), 824(s). '"H NMR (DMSO, 6, ppm): 8.07 (d, J=9.5Hz, 1H,
H—Ar), 7.79 (d, ] = 8.4 Hz, 1H, H—Ar), 7.16—7.24 (m, 2H, H—Ar), 6.47
(d, J=9.5Hz, 1H, H—Ar), 4.86 (s, 2H, H-Fc), 4.58 (s, 2H, H-Fc), 4.26
(s, 5H, H-Fc), 3.20 (t, J= 6.0 Hz, 2H, H—CH3), 2.90 (t, J= 6.0 Hz, 2H,
H—CH,). 3C NMR (DMSO, 6, ppm): 202.03, 171.79, 160.16, 154.59,
153.47, 144.30, 129.92, 119.03, 117.13, 116.02, 110.38, 78.65, 72.62,
70.15, 69.51, 34.37, 28.27. MS (ESI) calculated for C;3H;gOsFe
[M+H]* m/z: 431.00 found: 431.05.

2.3.7. 4-Methyl-7-hydroxycoumarin-Ferrocene formyl propionic
acid conjugate (FcL7)

FcL; brown solid was obtained by using column chromatog-
raphy (dichloromethane - ethyl acetate, 16:1). Yield 75%; m.p.
164—167 °C. Anal. Calcd for Ca4H290sFe (%): C, 64.90; N, 0; H, 4.57.
Found (%): C, 64.89; N, 0; H, 4.54. IR (KBr, cm~1): 3090(m), 2927(w),
1722(s), 1664(s), 1611(s), 1573(m), 1501(m), 1457(m), 1105(vs),
1092(s), 827(s). "H NMR (DMSO, 6, ppm): 7.83—7.85 (m, 1H, H—Ar),
7.24 (s, 1H, H—Ar), 718 (d, J= 8.4 Hz, 1H, H—Ar), 6.39 (s, 1H, H-Ar),
4.86 (s, 2H, H-Fc), 4.59 (s, 2H, H-Fc), 4.26 (m, 5H, H-Fc), 3.21 (t,
J=6.2Hz, 2H, H-CHy), 2.91 (t, J= 6.0 Hz, 2H, H—CH), 2.43 (s, 3H,
H—CH3z). 3C NMR (DMSO, 6, ppm): 202.03, 171.78, 160.07, 154.03,
153.48, 153.42, 127.00, 118.79, 117.97, 114.20, 110.36, 78.66, 72.62,
70.15, 69.51, 34.38, 28.27, 18.64. MS (ESI) calculated for Co4H»00sFe
[M+Na] " m/z: 467.00 found: 467.07.

2.4. Crystal structure determination

The crystal of FcL3 suitable for X-ray analysis was obtained by
slow evaporation from the mixed solvent (VCHCl3:VC,H50H = 1:3)
at room temperature. Single crystal X-ray distraction data of FcLs3
were collected at 293(2) K on a Bruker SMART APEX IICCD with
graphite monochromated MoK radiation (A =0.71073 A) in w scan
mode. The structure was solved by the direct method using SHELXT-
2014 and expanded using Fourier techniques. Non-H atoms were
refined using the riding model by the full-matrix least-squares
procedure based on F? values.

2.5. Electrochemical measurements

Electrochemistry experiments were measured via an RST5000
electrochemical workstation, equipped with three-electrode sys-
tem, taking glassy carbon electrode as working electrode, platinum
wire electrode as counter electrode, saturated Hg/Hg,Cl, electrode
as reference electrode. The electrochemical properties of the target
compounds FcLi~FcL; were investigated by cyclic voltammetry in
acetonitrile (CH3CN) with tetrabutylammonium perchlorate
(0.1 mol/L) as the supporting electrolyte. Cyclic voltammetry (CV)
of the FcLj~FcL; was performed over a potential from —0.2 to
0.8 Vat different scanning rates (100 mV/s, 200 mV/s, 300 mV/s,
400 mV/s, 500 mV/s). The potentials were reported in volts using
the Fc/Fc' couple as reference.

2.6. Anticancer activity measurements

Human bladder cancer cell line (BIU-87),human gastric cancer
cell line (SGC-7901),human esophageal cancer cell line (EC-9706
and Eca-109), human breast cancer cell line (MCF-7),human leu-
kemia cell line (Jurkat) were cultured as test cancer cells for

anticancer activity experiment.

The compounds FcLyj~FcL; were solubilized in DMSO at a con-
centration of 4 mg/mL and then were diluted to 40,20,10,5,2.5 ug/
mL  with ROMI-1640. 100yl  human cell lines
(7.5 x 10°—8.0 x 10° cells per well) were added into 96-well plates
for 24 h under a suitable atmosphere containing 5% CO, at 37 °C.
Equivalent volumes of FcLij~FcL; with different concentrations
were poured into the culture, then, the cells were incubated for
24 h under the same condition. After 24 h, 5 uL CCK8 reagent was
added and cells were incubated for another 4hat 37°C. The
absorbance of each well was read at 450 nm (0OD450) with a
microplate reader. ICsyp values were determined using SPSS
software.

3. Results and discussion
3.1. Synthesis and structural characterization

The Fc-functionalized coumarin conjugates were synthesized
via reaction between ferrocene derivatives and coumarin in-
termediates in the presence of DCC/DMAP under an inert (Ar) at-
mosphere (Schemes 1-3). The chemical structures of the newly
synthesized compounds were fully characterized by FT-IR, 'H NMR,
13C NMR and elemental analysis, which were in good accordance
with the proposed structures.

The FT-IR spectra of the complexes FcLi~FcL4, FcLg and FcL;
showed characteristic —C=0- and -C-O- stretching vibrations in
the ranges 1717—1745 and 1100-1119 cm™!, respectively. Mean-
while, the absorptions arising for the amide group at 1551 (-N-C =,
s), 1662 (-C=0, s) and 3315 (-N-H, m) cm~ .. These spectroscopic
data clearly confirmed that the ferrocene group was successfully
incorporated to the coumarin backbone via ester/amide linkage.
Additionally, the characteristic absorptions of Fc were appeared at
1424—1457,1040—1092, 814—827 cm™ !, which are similar to previ-
ous reports [35]. Coumarin displayed characteristic absorptions at
3084—3097,1717—1786, 1615—1624 cm ™!, which agree with previ-
ous reports very well [11,36].

Several 'TH NMR and 3C NMR features evinced the FcLi~FcL;
structure that were presented in Figs. S1—S14 in the Supporting
Information. The "H NMR spectra exhibited similar resonances for
the protons of coumarin skeleton, falling in the range ¢ 6.39—8.17
[37,38]. The 'H NMR signals of FcLy~FcLg showed two signal sets at
0 4.13—4.14 (7H) and ¢ 4.07—4.08 (2H) for the ferrocene fragments
[39]. Resonances for the protons of Fc fragment in FcLs were located
at 64.13 (s,5H), 64.10 (s, 2H) and ¢ 4.08 (s, 2H). The chemical shift of
the ferrocene in FcLg and FcL; were positively shifted at 6 4.86 (2H),
0 4.58—4.59 (2H) and 6 4.26 (5H) due to the electron-withdrawing
effect of the carbonyl group. Additionally, all these FcLyx (x =1-7)
exhibited signals in the regime ¢ 1.80—3.21 assigned to the meth-
ylene and methyl protons. The resonance peaks with the chemical
shift at 6 8.05 could be ascribed to protons near the N atom on the
amide of FcLs.

3.2. Crystal structures analysis

The solid structure of complex FcLs was characterized by single-
crystal X-ray diffraction (Fig. 1). The crystallographic details are
presented in Table 1. Selected bond lengths and dihedral angles are
summarized in Table 2. The bond lengths of ferrous ions and each
carbon atom of the cyclopentadienyl ring (Cp) were ranged from
2.025(2) to 2.047(2) A, which are similar to the analogous ferrocene
derivatives [40]. Meanwhile, the dihedral angle between the
substituted and unsubstituted Cp rings was only 1.31°, suggesting
that the two Cp rings were almost parallel to each other. Compared
with other similar compounds [41], the bond lengths of the
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Fig. 1. X-ray crystal structure of compound FcL3 and all hydrogen atoms are omitted for clarity.

coumarin derivatives were within the normal range. Notably, the
non-hydrogen atoms on the coumarin moiety were coplanar and
the dihedral angle between the plane of coumarin and the
substituted cyclopentadienyl ring was 80.67°.

3.3. Electrochemical behavior analysis

Previous mechanistic studies have established a relationship
between the DNA damage capability and the Fct/© reduction po-
tential of the ferrocenyl moieties, with lower E° values resulting in
higher cytotoxicity [24,25]. The electrochemical behaviors of the
compounds FcLi~FcL; were measured by cyclic voltammetry ex-
periments using a three-electrode cell and compared to the ferro-
cene/ferrocenium redox couple in CH3CN. The cyclic
voltammograms (CV) of the compounds exhibited similar one-
electron quasireversible waves, which could be assigned to the
Fc/Fct. As shown in Table 3, the formal potentials (E°) of FcLi~FcLs
were lower (E° < 0.352) than pure ferrocene (E° = 0.437 V) due to
the inductive electron-donation capacity of the methylene group
[42]. On the other hand, the introduction a carbonyl group into the

Cp resulted in higher E° of 0.637 and 0.632V for FcLg and FcL;,
respectively.

Additionally, the CV behaviors of FcLy~FcL; at different sweep
rates (100—500 mV/s) were shown in Figs. S15—S20 and Fig. 2. As
all compounds had the similar properties, FcLs was elected as a
representative for discussion. It is observed that the changes of the
cathodic and anodic peak potentials could be ignored with
increasing of scan rate, resulting in nearly same AE, meanwhile, the
ipa/ipc values were closed to unity. These phenomena indicated that
the electrode reaction was reversible and ferrocene subunits were
in an equivalent environment [43]. Furthermore, the current peak
(ip) increased linearly with the square root of the scan rate (v”z)
(Fig. 3), which confirmed that the charge transfer process was
diffusion-controlled [44]. Other compounds also showed the
similar linear relationship between i, and »'/2 (Figs. $21-526).

3.4. Anticancer activity analysis

The anticancer activities of FcL;~FcL; were evaluated by a Cell
Counting Kit8 (CCK-8) assay using a panel of six human cancer cell



J.-N. Wei et al. / Journal of Organometallic Chemistry 902 (2019) 120968 5

Table 1

Crystal data and structure refinement of FcLs.
Empirical Formula Cy3H19FeNOg
Formula weight 461.24
T (K) 273.15
Crystal system Triclinic
Space group P-1
alA 8.2960(3)
b/A 11.2106(4)
c/A 11.7280(4)
af° 103.582(2)
B8/° 93.9930(10)
v 102.3120(10)
VIA3 1027.59(6)
z 2
p calcg/cm?® 1.491
w/mm~! 0.775
F/000 476.0
f range/° 4.546 to 52

-10<h<10, -13<k<13, -14<1<14
4018 [Riy = 0.0268, Rigma = 0.0232]
4018/12/280

Index ranges

Independent reflections
Data/restraints/parameters
Final R indexes [ > 20 (I)] =0.0327, wR, = 0.0855
Final R indexes [all data] Ry =0.0379, wR, =0.0888
CCDC 1912608

Table 2

Selected bond lengths (A) and angles (°) for FcLs.
Fe(1)—C(1) 2.047(2) Fe(1)—C(2) 2.036(2)
Fe(1)—C(3) 2.025(2) Fe(1)—C(4) 2.026(2)
Fe(1)—C(5) 2.038(2) Fe(1)—C(6) 2.039(2)
Fe(1)—C(7) 2.035(2) Fe(1)—C(8) 2.037(2)
Fe(1)—C(9) 2.038(2) Fe(1)—C(10) 2.047(2)
0(1)—C(14) 1.179(3) 0(2)—C(14) 1.393(2)
0(2)—C(15) 1.382(2) 0(3)—N(1) 1.188(3)
0(4)—N(1) 1.172(3) 0(5)—C(19) 1.365(2)
0(5)—C(21) 1.390(2) 0(6)—C(21) 1.200(2)
C(19)—C(20) 1.388(3) C(20)—N(1) 1.462(2)
C(1)-Fe(1)-C(2) 40.50(10) C(1)-Fe(1)-C(3) 68.24(11)
C(1)-Fe(1)-C(6) 108.58(10) C(2)-Fe(1)-C(4) 68.07(12)
C(2)-Fe(1)-C(6) 122.09(11) C(2)-Fe(1)-C(8) 124.91(10)
C(3)-Fe(1)-C(8) 107.14(10) C(3)-Fe(1)-C(10) 161.34(11)
C(4)-Fe(1)-C(9) 106.99(10) C(5)-Fe(1)-C(10) 106.99(9)
C(13)-C(14)-0(1) 129.2(2) C(14)-0(2)-C(15) 120.29(16)
C(19)-0(5)-C(21) 120.95(14) 0(1)-C(14)-0(2) 122.19(19)
0(3)-N(1)-0(4) 123.3(2) 0(3)-N(1)-C(20) 118.80(18)
0(4)-N(1)-C(20) 117.9(2) 0(5)-C(21)-0(6) 115.58(19)

Table 3

Cyclic voltammetry data of Fc and FcL;~FcL;.
Compound Ep/V Epa/V EYv AE)V ipa/ipe
Fc 0.473 0.400 0.437 0.073 1.000
FcLy 0.384 0318 0.351 0.066 1.098
FcL, 0.381 0.319 0.350 0.062 1.146
FcLs 0.384 0319 0.352 0.065 1.200
FcLy 0.383 0317 0.350 0.066 1.110
FcLs 0.373 0.305 0.339 0.068 1.052
FcLe 0.669 0.604 0.637 0.065 1.254
FcL7 0.665 0.598 0.632 0.067 1.271

lines: BIU-87 (Human bladder cancer cell)) SGC-7901 (human
gastric cancer cell), EC-9706 and Eca-109 (human esophageal
cancer cell), MCF-7 (human breast adenocarcinoma cell) and Jurkat
(human leukemia cell). The concentration (ICsp) of the complexes at
which 50% of tumor cells were inhibited from proliferation was
calculated.

From the ICsg values collected in Table 4, the anticancer activ-
ities of FcLi~FcLs against MCF-7 with ICso in the range of
12.10—28.10 umol/L were substantially better than that of FcLg and
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—]
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Fig. 2. The CV curves of FcLs in CNCH3
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Fig. 3. The dependence i, vs. Vy, at different rates. (FcLs).

Table 4

ICs values (pmol/L) of FcLy~FcL; and Adriamycin.
Compound  BIU-87 SGC-7901 EC-9706 Eca-109 MCF-7  Jurkat
FcL, 5.24 7.46 82.83 42.47 28.10 55.77
FcL, 4.48 16.61 41.26 27.97 15.34 54.90
Fcls 15.27 19.78 N 40.00 2391 38.38
FcLy 1.09 10.61 25.89 36.38 12.10 53.01
FcLs 18.45 3.56 45.58 18.64 20.88 35.66
FcLs 40.96 N N 34.73 55.46 64.50
FcL; 37.10 62.57 40.35 16.64 50.27 63.96
Adriamycin ~ 6.09 5.44 8.56 6.52 7.95 4.50

N represents ICsg value greater than 100: no activity.

FcL; (IC50 > 50 umol/L). Similarly, for BIU-87, SGC-7901 and Jurkat,
FcL1~FcLs also showed better anticancer activity than FcLg and
FcL;. These phenomena indicated that the high anticancer activities
of these complexes were related to their low E® values. Additionally,
as a result of synergistic anticancer efficacies of coumarin moties
together with a small difference of E% the ICsq values were not
correlate to the E° values of the FcLi~FcLs very well. For human
esophageal cancer cell EC-9706 and Eca-109, the IC5g values were
not correlate to the E° values, which may be due to that the
ferrocene moiety did not have the significant antiproliferative ac-
tivity on these cancer cells.

Remarkably, the ferrocene-coumarin conjugates showed sig-
nificant cytotoxicity toward the BIU-87 cell line, giving ICs¢ of
1.09—40.96 pmol/L. Especially, the IC5g values of compound FcL;,
FcL; and FcLy4 were 5.24, 4.48 and 1.09 pmol/L respectively, which
were better than the standard Adriamycin (ICs¢ = 6.09 umol/L).
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These results demonstrated that the complexes were promising
candidates for the development of cytotoxic drugs against bladder
cancer cells. All the compounds also showed outstanding inhibitory
activity against SGC-7901 with a lowest ICsq value of 3.56 pmol/L
(FcLs). However, for EC-9706, Eca-109 and Jurkat cell lines,
ferrocene-coumarin conjugates showed moderate to low cytotoxic
activity on cancer cells.

The structure-activity relationship (SAR) analysis revealed that
introduction of the methyl at C-4 position of coumarin had a
beneficial influence on anticancer activity of the ferrocene-
coumarin conjugatessite. For example, for BIU-87, EC-9706, Eca-
109 and MCF-7, compounds FcL,, FcLy and FcL; containing
methyl group displayed a lower IC5p than compounds FcLj, FcLs
and FcLg, respectively. For SGC-7901, compounds FcL4 and FcL; also
showed better antiproliferative activity in comparison to com-
pounds FcLz and FcLg, respectively. Since compounds FcLs showed
better anticancer activity in comparison to compounds FcL, for the
cancer cell lines (except for BIU-87), the amide linkage is more
effective to enhance anticancer activity than the ester linkage.

4. Conclusions

A series of ferrocene-coumarin conjugates (FcLi~FcL;) were
synthesized. Cyclic voltammetry analyses revealed that the E°
values of FcLi~FcLs were lower than that of FcLg and FcL; which
made FcLi~FcLs exhibited higher cytotoxicity toward most cancer
cells. Importantly, the complexes FcLy, FcLy and Fcly displayed
more promising cytotoxic activity against BIU-87cell line
(ICs0<5.24umol/L) than that of the standard Adriamycin
(IC50 = 6.09 umol/L). Specially, FcLq with ICs¢ value of 1.09 umol/L
was the most potent compound against BIU-87. The cytotoxicity
assay against SGC-7901 cells revealed that the complex FcLs
(IC50=3.56 umol/L) was more potent than the reference drug
Adriamycin (ICsp = 5.44 pmol/L). In addition to this, the differences
in the cytotoxic activities of these complexes suggested that the
different substituents could be a viable approach for the develop-
ment of new and more effective therapeutic agents. Consequently,
these metal complexes can be lead in the development of potential
specific-target inhibitors in cancer therapy.
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